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Clathrin-mediated endocytosis is a central and well-studied 
trafficking process in eukaryotic cells. How this process 
is initiated is likely to be a critical point in regulating 
endocytic activity spatially and temporally, but the under- 
lying mechanisms are poorly understood. During the early 
stages of endocytosis three components— adaptor and 
accessory proteins, cargo, and lipids— come together at 
the plasma membrane to begin the formation of clathrin- 
coated vesicles. Although different models have been pro- 
posed, there is still no clear picture of how these three 
components cooperate to initiate endocytosis, which may 
indicate that there is some flexibility underlying this im- 
portant event. 



Introduction 

Clattirin-mediated endocytosis is the process by which cargo- 
containing clathrin-coated vesicles bud off from the plasma 
membrane and are taken up into the cell. This process is critical 
for intercellular signaling, uptake of nutrients, and membrane 
recycling. Endocytosis requires the coordinated assembly of a 
large number of proteins at the plasma membrane, the timing 
and composition of which are very regular (Kaksonen et al., 
2005; Taylor et al., 201 1). Despite the large amount of research 
dedicated to the understanding of this assembly sequence, the 
way the assembly is triggered is not well understood. 

Although the budding of clathrin-coated vesicles in vitro 
has recently been shown to only require the presence of clathrin, 
an adaptor protein, and dynamin (Dannhauser and Ungewickell, 
2012), endocytosis in vivo is a lot more complex. To gain a full 
understanding of how vesicle budding is regulated in vivo we need 
to determine how the initiation of this process is controlled. 

The location or timing of endocytosis can be tightly regu- 
lated, as highlighted in the following examples: In budding 
yeast Saccharomyces cerevisiae, a larger number of endocytic 
events occur in the growing bud compared with the mother cell 
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(Fig. 1 A). This polarization of endocytosis in yeast is important 
for maintaining overall cellular polarity (Bi and Park, 2012). 
Another example is the neuronal synapse, where the level of 
endocytosis is tightly coupled to exocytic activity in a process 
called synaptic vesicle recycling, in order to maintain the pool 
of synaptic vesicles (Fig. 1 B; Murthy and De Camilli, 2003). 
Also, during entry into a host cell, viruses can exploit the mech- 
anisms of endocytic initiation in order to induce their own up- 
take (Fig. 1 C; Sieczkarski and Whittaker, 2002). 

In this review we will discuss studies addressing the question 
of how endocytic sites are initiated. Although lots of data are 
available, there are a number of inconsistent results that have 
led to uncertainty about the mechanisms of initiation. When 
studying the initiation of endocytosis we need to focus on the 
earliest stages of the sequence of protein assembly. The key 
players involved in these stages are clathrin adaptors and accessory 
proteins, cargo, and lipids (Fig. 2). We will discuss how these 
components have been suggested to function in the initiation 
of endocytosis. 

Adaptors: Bringing everytl-iing together 

Clathrin, the main coat component of the endocytic machinery, 
is unable to directly interact with the lipids or proteins of the 
plasma membrane (Maldonado-Baez and Wendland, 2006). 
Therefore, adaptor proteins are required to link the clathrin coat 
to the membrane (see Table 1 for a summary of endocytic adap- 
tors). These adaptors are also able to specifically bind to endo- 
cytic cargo, thereby ensuring cargo uptake into coated vesicles. 
Many adaptors are among the earliest proteins to arrive at the 
endocytic site (Taylor et al., 201 1; Carroll et al., 2012), making 
them good candidates to play a role in initiation. Additionally, 
their ability to interact with other endocytic proteins could be 
important for recruitment of further components to the plasma 
membrane at the early stages of endocytosis. Although two- 
color live-cell microscopy has been used to amnge the endo- 
cytic process into a temporal sequence, it has proved challenging 
to determine one protein that consistently arrives first at the site 
(Kaksonen et al., 2005; Henne et al, 2010; Taylor et al., 2011; 
Carroll et al., 2012). Nevertheless, it is plausible that there could 
be one factor that is essential for the initiation of endocytosis. 
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Figure 1 . Examples of regulation of the initiation of endocytosis. (A) In yeast Saccharomyces cerevisiae, clathrin-mediated endocytosis is polarized to the 
growing bud. (B) After signal propagation at the synapse, exocytosis of the neurotransmitter is accompanied by a compensatory increase in clathrin-mediated 
endocytosis to maintain synaptic plasma membrane area and recycle synaptic vesicle components. (C) Many viruses enter the host cell by clathrin-mediated 
endocytosis. The virus particle may exploit the cell's regulation of endocytosis in order to induce its own uptake. 



Search for the master initiator. The heterotetra- 
meric adaptor protein complex AP2 is one of the best-studied 
components of the endocytic machinery. The AP2 complex con- 
sists of four different subunits, a, (32, al, and [x2, which assem- 
ble into a core domain with two appendages (Fig. 2; Collins et al., 
2002; Jackson et al., 2010). AP2 has multiple binding partners, 
including phosphatidylinositol 4,5-bisphosphate (PIPi), clath- 
rin, several endocytic accessory proteins, and two signaling motifs 
present on some cargo receptors (see Traub, 2009 for a detailed 
review). The AP2 complex has classically been considered to be 
the master initiator of clathrin-mediated endocytosis through its 
role in recruiting clathrin molecules to the membrane. However, 
several lines of evidence question this idea. 

If the AP2 complex has an essential role in initiation then 
its presence would be required for the formation of endocytic 
sites. However, in yeast the endocytosis of mating pheromone 
a-factor is unaffected in strains lacking functional AP2 (Huang 
et al., 1999; Yeung et al., 1999). More recently, live-cell imaging 
in yeast has shown that deletion of the AP2 complex has no effect 
on the general dynamics of endocytosis (Carroll et al., 2009). 
These results indicate that AP2 is not essential for the initiation 
of endocytosis in yeast. 

In contrast, the AP2 complex is essential in animals. A 
lack of AP2 in both Mus musculus and Caenorhabditis elegans 
causes embryonic lethality (Shim and Lee, 2000; Mitsunari 
et al., 2005). However, this does not indicate whether AP2 is re- 
quired at initiation or later during endocytosis. The role of AP2 
has been studied in detail in cultured mammalian cells, but it is 
not clear whether AP2 depletion completely prevents the forma- 
tion of endocytic sites. One study using RNAi depletion showed 
that, in the absence of AP2, clathrin sites still formed and contained 
other endocytic proteins, although these sites were smaller and 
less abundant (Motley et al., 2003). An alternative method to 
down-regulate AP2, by mutating the regulatory kinase AAKl, 
produced similar results (Conner and Schmid, 2003). However, 
another study using RNAi showed no plasma membrane clathrin 
sites and suggested that any cargo that is still taken up in the ab- 
sence of AP2 may use a clathrin-independent pathway (Hinrichsen 
et al., 2003). It has also been suggested that an incomplete 
depletion by RNAi could mean that all remaining endocytic 



sites could still contain some AP2 (Boucrot et al., 2010). These 
discrepancies may be due to difficulties in completely depleting 
proteins in cell culture and challenges in imaging the very early 
stages of endocytosis. 

To analyze the exact molecular composition of nascent 
endocytic sites, highly sensitive live-cell microscopy is needed 
to visualize the low numbers of molecules present. A pioneering 
single-molecule imaging study looked at the early stages of en- 
docytosis from the point of view of AP2 and clathrin, and proposed 
that endocytic sites begin with the simultaneous plasma mem- 
brane binding of two AP2 molecules with one clathrin triskel- 
ion (Cocucci et al., 2012). Extending this powerful approach to 
other early-arriving proteins could provide important information 
on their relative arrival times. Other recent microscopy studies 
imply that AP2 may not be required at the earliest stages of en- 
docytosis (Henne et al., 2010; Aguet et al., 2013). One study 
showed that AP2 arrives later than the F-BAR domain proteins 
FCHol/2 to the plasma membrane (Henne et al., 2010). Another 
study showed a large decrease in the number of productive en- 
docytic sites after AP2 depletion, but very low intensity, transient 
clathrin sites were still detected (Aguet et al., 2013). The initiation 
rate of these transient clathrin sites was comparable to the initiation 
rate of normal endocytic events in control cells. Although further 
work is required to determine the exact nature of these clathrin 
structures, these results suggest that AP2 is not required for the 
initiation step but rather for a later stage of endocytic progression. 
In summary, the importance of AP2 at the very earliest stages of 
endocytosis remains to be elucidated. 

The requirement for AP2 in animals may also be due to its 
role in the uptake of specific cargo. A cargo-specific role for 
AP2 is seen in yeast, where it is not essential, but is required for 
the uptake of killer toxin (Carroll et al., 2009). In mammalian cells, 
depletion of AP2 subunits leads to a general block in transferrin 
uptake (Hinrichsen et al., 2003; Motley et al., 2003). However, 
a number of studies have presented conflicting results on whether 
AP2 depletion also blocks the uptake of other major cargos, 
including the low-density lipoprotein receptor (LDLR), the epi- 
dermal growth factor receptor (EGFR), and the influenza virus 
(Motley et al., 2003; Huang et al, 2004; Lakadamyali et al., 2006). 
These discrepancies may be due to the different experimental 
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conditions in which uptake assays were performed, for example 
the effectiveness of the RNAi depletion and the ligand incubation 
conditions. If not all cargos require AP2 for their uptake it could 
mean that the differing requirement for AP2 between organisms 
is due to the types of cargo that depend on it for their uptake. 

The studies described clearly support the conclusion that 
AP2 has an important role in the progression of clathrin-mediated 
endocytosis and in cargo selection. Some of the results, however, 
indicate that other factors in addition to AP2 are likely to contribute 
to the initiation of endocytosis. 

Another protein that has recently been proposed to be the 
master initiator of endocytosis is FCHo. FCHol and FCHo2 are 
homologous proteins that contain a membrane-binding F-BAR 
domain that can induce membrane curvature. FCHo 1/2 were 
shown to arrive at endocytic sites before the arrival of AP2 or 
clathrin (Henne et al., 2010). Crucially, upon depletion of FCHol/2 
by RNAi, there was a loss of endocytic sites marked by AP2 and 
clathrin patches, and uptake of transferrin was inhibited. Upon 
overexpression of FCHo 1/2, there was a higher density of endo- 
cytic sites, a higher nucleation rate, and increased transferrin up- 
take. Conversely, after AP2 depletion, FCHo 1/2 sites were still 
present at the membrane. FCHol/2 interact and share similar 
assembly dynamics with two endocytic scaffold proteins, Epsl5 
and intersectin, which have both been shown to be important for 
the progression of endocytosis (Benmerah et al., 1999; Koh et al., 
2007; Pechstein et al., 2010). In the absence of Epsl5 and inter- 
sectin, FCHol/2 have a diffuse localization at the plasma mem- 
brane (Henne et al., 2010), suggesting that EpsI5 and intersectin 
cluster FCHol/2 molecules that then initiate endocytosis, possibly 
by generating initial membrane bending. 

However, two recent studies have questioned the role of 
FCHol/2 in endocytic initiation. The first study showed that de- 
pletion of FCHol in zebrafish embryos leads to a developmental 
phenotype due to a failure in uptake of specific cargo and not 
due to a general endocytic defect (Umasankar et al., 2012). The 
second study followed fluorescent AP2 in cultured mammalian 
cells and in this study AP2 patches were still seen after FCHoI/2 
depletion. The lifetime of these patches was drastically reduced 
but the initiation rate of AP2 sites was not decreased. This result 
indicates that FCHol/2 may be critical for maturation of endocytic 
sites, but not for their initiation (Cocucci et al., 2012). 

FCHol/2 therefore may not be the sought-after essential 
initiator. However, these proteins may still contribute to initiation. 
The yeast homologues of FCHol/2 and Epsl5 — Sypl and Edel — 
are also among the first proteins to arrive at the endocytic site 
and seem to have a role in site initiation (Carroll et al., 2012). 
Sypl deletion prevents the formation of endocytic sites specifically 
in the yeast bud neck region, whereas Edel deletion decreases the 
number of endocytic events throughout the cell (Stimpson et al., 
2009). Edel deletion also leads to a diffuse plasma membrane 
localization of many of the other early-arriving endocytic proteins 
(Reider et al., 2009; Stimpson et al., 2009; Carroll et al., 2012). 
These results suggest that both Sypl and Edel can promote ini- 
tiation of endocytosis: Sypl locally at the bud neck and Edel 
globally. However, as endocytosis still proceeds in the absence 
of these proteins, neither of them are essential for initiation. 
Taken together, these results point to the idea that no single protein 
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Figure 2. The key players involved in the initiation of endocytosis. 

Adaptor proteins, cargo, lipids, and clathrin accumulate at the plasma 
membrane to make up the nascent endocytic site. Adaptor proteins, in- 
cluding the AP2 complex, bind to the inner leaflet of the plasma mem- 
brane. The adaptors interact with the plasma membrane via lipid-binding 
domains, many of which bind specifically to PIP2. The tails of adaptor 
proteins bind and recruit clathrin triskelions to the plasma membrane 
where they polymerize to form the clathrin coat. Cargo— consisting of 
transmembrane receptors and extracellular soluble ligands — is taken up 
by clathrin-coated vesicles. Adaptors bind to signaling motifs on the in- 
tracellular side of the receptors. 



is essential for the initiation of endocytosis but rather a number 
of proteins share the initiation function. 

Redundancy in initiation? The function of an endo- 
cytic adaptor depends on its ability to bind to the plasma mem- 
brane and recruit both clathrin and cargo. Various in vitro studies 
have shown that clathrin can be recruited to a membrane by a 
number of different adaptors other than the AP2 complex. The 
adaptor proteins API 80 and epsin are able to recruit clathrin 
lattices to a synthetic lipid monolayer (Ford et al., 2001, 2002). 
In fact, linking clathrin to the membrane using a nickel-chelating 
lipid and a His-tagged epsin fragment, lacking the PIP2-binding 
domain but containing clathrin-binding motifs, is all that is 
needed for clathrin lattices to assemble and drive vesicle budding 
in vitro (Dannhauser and Ungewickell, 2012). These results 
suggest that any adaptor that can support clathrin lattice assembly 
might be able to initiate endocytosis. Increasing numbers of 
endocytic proteins, which are able to bind to both clathrin and 
the plasma membrane, are being defined as clathrin adaptors 
(see Table 1). Some of these adaptors also bind to, and therefore 
may work in cooperation with, AP2. In the case of two LDLR 
adaptors, ARH requires the presence of AP2 but Dab2 functions 
independently of AP2 (Keyel et al., 2006; Maurer and Cooper, 
2006; Mettlen et al., 2010). In addition, clathrin-mediated endo- 
cytosis of Notch ligand is dependent on the alternative clathrin 
adaptors, epsins and CALM, but not AP2 (Meloty-Kapella et al., 
2012). Interestingly, it has been shown that there is no competition 
for uptake in the case of some distinct cargos, even though the 
internalization of one specific cargo can be saturated (WaiTen et al., 
1997). This suggests that different cargo can depend on different 
clathrin adaptors, which can function independently in mediating 
endocytosis. It is possible that a variety of adaptors are able to 
initiate endocytosis with different efficiencies. 
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Table 1 . Adaptor and accessory proteins involved in endocytosis 



Mammalian protein 


Yeast homologue Lipid-binding domain 


Clathrin binding 


Example of specific 


Reference for 










cargo uptake 


cargo uptake 


AP2 (a, p2, |x2, a2] 


AP2 (Apl3, Apll 
Apm4, Aps2) 


, a-Core domain and 
(jl2 C-terminal domain 


Yes 


Transferrin receptor 


Motley et al., 2003 


FCHol/2 


Sypl 


F-BAR domain 


- 


Mid2 in yeast 


Reider et al., 2009 


AP180/CALM 


Yap 1801/2 


ANTH 


Yes 


SNAREs 


Miller etal., 201 1 


Epsinl/2/3 


Entl/2 


ENTH 


Yes 


Notch ligands 


Meloty-Kapello et al., 
2012 


Epsl5 


Edel/End3 


- 


_ 






lntersectinl/2 


Slal/Panl 


PH/C2 


Yes (for Slal in 
yeast) 


■ in yeast 


Howard et al., 2002 


HIPI/HIPIR 


Sla2 


ANTH 


Yes 






UUDZ 




PTB 


I es 


1 ni p 


Maurer and Cooper, 
2006 


ARH 




PTB 




LDLR 


iVivJUrcl (JIIU >u(JUIJcl , 

2006 


Numb 




PTB 




Notch 


Santolini et al., 2000 


Stonin 2 








Synaptotagmin 


Diril etal., 2006 


P-Arrestin 1/2 




Arginine/lysine residues 


Yes 


GPCRs 


Ferguson etal., 1996 


ANTH, API 80 N-terminal h 


omology; ENTH, ( 


3psin N-terminal homology; GPCR, G-protein-coupled receptor; 


LDLR, low-density lipoprotei 


n receptor; PH, pleckstrin 


homology; PTB, phosphotyrosine binding. "-" 


indicates none known. 









Can cargo initiate its own endocytosis? 

The main function of clathrin-mediated endocytosis is to traffic 
cargo — transmembrane receptors and their extracellular ligands — 
from the plasma membrane into the cell. It is therefore reason- 
able to hypothesize that cargo molecules might regulate their 
own uptake under certain conditions, by initiating the assembly 
of the endocytic machinery. To answer this question, several 
studies have visualized whether cargo is present at the plasma 
membrane site before or after the endocytic machinery. 

The clearest experimental evidence for cargo-initiated 
endocytic assembly comes from studies in which the cargo is a 
viral particle entering the host cell by endocytosis. Viruses have 
multiple receptor binding sites, allowing them to bind to, and 
therefore cluster, a number of receptors at the cell surface. This 
ability could be a mechanism to induce the assembly of the en- 
docytic machinery, allowing the virus particle to force its own 
entry into the cell. Both influenza and vesicular stomatitis virus 
were shown to stably bind to the cell surface before the first de- 
tection of a colocalized clathrin signal (Rust et al., 2004; Cureton 
et al., 2009). The formation rate of new clathrin-coated pits at 
sites of virus binding was higher than elsewhere on the membrane. 
These viruses therefore seem to be able to induce the nucleation 
of clathrin sites. However, not all viruses have this effect on the 
endocytic machinery. Reovirus particles were also shown to 
bind to the plasma membrane before the appearance of clathrin, 
but in this case the colocaUzed assembly of a clathrin site was prob- 
ably due to random initiation rather than induction by the virus 
(Ehrlich et al., 2004). Other viruses including canine parvovirus 
and dengue virus have been shown to diffuse randomly on the cell 
surface until they join a preexisting clathrin site (van der Schaar 
et al., 2008; Cureton et al., 2012). These differences in methods 
of viral uptake may depend on the receptor-binding capability 
of different viruses. 

Viral uptake by endocytosis is an atypical situation, so 
these results do not necessarily apply to normal physiological 



cargo. In mammalian cells fluorescently labeled ligands, transferrin 
and LDL, were shown to diffuse randomly on the cell surface 
until they reached stationary, preexisting clathrin sites (Ehrlich 
et al., 2004). Upon colocalization with clathrin the Ugands remained 
stationary while the clathrin signal increased, then both signals 
disappeared simultaneously. Equally in yeast, tracking of fluores- 
cently labeled a-factor revealed that it too was incorporated into 
preexisting sites (Toshima et al., 2006, 2009). These physiological 
cargos seem to rely on passive diffusion to a preformed site. 

Transferrin and LDL receptors are constitutive cargos, 
which are also taken up in the absence of their ligands. Some 
receptors, including EGFR, nerve growth factor receptor (NGFR), 
and G protein-coupled receptors (GPCRs) require ligand binding 
for their recruitment into clathrin-coated vesicles. A number of 
studies on EGF and NGF signaling report that, upon addition of 
these ligands, there is an increase in recruitment of clathrin and 
other accessory proteins to the membrane, a larger number of 
clathrin-coated sites, and an increase in uptake by endocytosis 
(Connolly et al., 1981; Wilde et al., 1999; Beattie et al., 2000; 
Johannessen et al., 2006). However, it was not clear whether Ugand- 
induced signaling resulted in more endocytic sites assembling 
specifically at the position of activated cargo or in a general increase 
in endocytosis. Live-cell imaging of fluorescently tagged EGFR 
and GPCRs showed that the addition of ligand resulted in the 
clustering of previously diffusely localized receptors. However, 
these receptors were then incorporated into clathrin sites that 
were present before signaling (Santini et al., 2002; Scott et al., 
2002; Rappoport and Simon, 2009). 

The suggestion that cargo is recruited to preformed sites 
would mean that the initiation of endocytosis is independent of 
cargo recruitment. This idea is strengthened by the fact that all 
endocytic sites have the same assembly dynamics in the first 
stages (Mettlen et al., 2010). This could mean that normal cargo 
molecules are passive players in their own uptake. However, cargo 
has been shown to affect endocytosis later in the process: for 
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example, the size of endocytic sites, maturation rate, productivity, 
and downstream pathways (Lakadamyali et al., 2006; Puthenveedu 
and von Zastrow, 2006; Soohoo and Puthenveedu, 2013). 

Other studies have aimed to determine whether an increased 
amount of cargo can alter the rate of endocytic initiation. Over- 
expression of the transferrin receptor using an inducible promoter 
did not increase the initiation of new endocytic sites, nor did it 
increase the membrane recruitment of clathrin or AP2 (Loerke 
et al., 2009). Overexpression of LDLR, on the other hand, in- 
creased the membrane recruitment of its adaptor proteins Dab2 
and ARH and the initiation rate of new sites (Mettlen et al., 
2010). These results suggest that the ability to influence endocytic 
initiation could be cargo dependent and differences in cargo 
content could affect endocytic dynamics. 

Although overexpression of receptors can lead to an increase 
in their concentration at the plasma membrane, they may remain 
diffusely localized. A recent study used a more specific technique 
to induce the local clustering of transferrin receptors. Fluores- 
cent streptavidin was used to multimerize biotinylated transfer- 
rin receptors and this method did lead to an increase in clathrin 
site density and initiation rate (Liu et al., 2010). Additionally 
clathrin was shown to assemble at a site already marked by the 
clustered cargo. 

Taken together, although cargo-regulated signaling may 
cause an increase in the rate of initiation, it seems that many cargos 
enter the endocytic pathway by diffusing into preformed endocytic 
sites. The clustering of receptors at the plasma membrane, which 
could locally concentrate endocytic adaptors on the cytosolic 
side, is a potential mechanism for initiating endocytosis. Some 
viral cargos can initiate the assembly of endocytic sites by this 
mechanism. Whether or not physiological cargos can control 
their own uptake in a similar manner remains to be clarified. 

A role for lipids? 

The assembly of the endocytic machinery within the cell is 
restricted to the inner leaflet of the plasma membrane. Lipids 
are known to be important at different stages of clathrin-mediated 
endocytosis, but our understanding of the specific functions of 
different lipids is still quite limited, due to the difficulties in 
visualizing and manipulating the levels of specific lipids. Many 
of the early-arriving proteins including AP2, epsins, and API 80 
have domains that bind to PIP2, a lipid enriched in the plasma 
membrane (Table 1). PIP2 is the best-studied lipid in endocytosis 
and it is known to be important during the early stages (Jost et al., 
1998; Malecz et al., 2000). 

Incubation of cells with butanol or ionomycin causes a 
general decrease in PIP2 levels (Boucrot et al., 2006; Zoncu et al., 
2007). These treatments disrupt endocytosis, as can be seen by 
a decrease in uptake of transferrin, the disassembly of endocytic 
sites, marked by AP2 and clathrin, and the inhibition of the forma- 
tion of new sites (Boucrot et al., 2006; Zoncu et al., 2007). To 
affect the levels of PIP2 in a more specific manner Antonescu et al. 
(2011) used siRNA knockdown and overexpression of inositol 
5-phosphate kinases. They found that the synthesis of PIP2 by a 
PIP 5-kinase is important for initiation of sites, whereas its tumover 
by an inositol 5-phosphatase is important during a later stage of 
vesicle budding. The phosphatase was shown to accumulate at 



endocytic sites but there was no accumulation of PIP2 or the PIP 
5-kinase, suggesting that general PIP2 levels are needed for initial 
clathrin site assembly and a more localized PIP2 tumover controls 
later stages in maturation. 

An even more controlled method for reducing the levels 
of PIP2 involves the anchoring of an inositol 5-phoshatase to the 
plasma membrane by light- or drug-induced heterodimerization 
(Zoncu et al., 2007; Abe et al., 2008; Idevall-Hagren et al., 2012). 
Both methods caused an acute decrease in PIP2 levels at the plasma 
membrane. This was almost immediately followed by a relocal- 
ization of AP2 to the cytoplasm, which resulted in a block in 
transferrin uptake. These results clearly show that PIP2 is required 
for AP2 localization. However, these studies on PIP2 depletion 
reported different effects on clathrin assembly. In one study the 
number of clathrin structures was reduced, and those that were 
left were smaller and mainly stable over time (Zoncu et al., 
2007). In another, the dynamic assembly of clathrin at the 
plasma membrane was only weakly affected (Abe et al., 2008). 
In this case initiation of new clathrin sites was not inhibited 
and the intensity and turnover of sites was relatively unaffected. 
These conflicting results could be due to differences in the de- 
gree of PIP2 depletion and varied sensitivities of proteins to PIP2 
concentrations. This discrepancy also echoes the differences 
seen in the previously discussed AP2 depletion studies. PIP2 is 
clearly required for AP2 recruitment and possibly for the re- 
cruitment of other PIP2-binding adaptors or accessory proteins. 
What remains unresolved is whether AP2 or any other adaptors 
are essential for the initiation of endocytosis or whether redun- 
dancy in function means that endocytosis can proceed in the ab- 
sence of any specific adaptor protein. 

Although much of the work on the role of lipids in endo- 
cytosis has focused on PIP2, other lipids, including phosphatidic 
acid (Antonescu et al., 2010) and phosphatidylserine (PS; Sun and 
Drubin, 2012) have been suggested to play a role. A recent study 
focusing on the differing functions of PIP2 and PS in yeast 
showed that PIP2 was not needed for the formation of endocytic 
sites, but rather at a later stage in vesicle budding (Sun and Drubin, 
2012). Endocytic sites could form at the plasma membrane in 
PIP2-depleted yeast cells. However, these sites had much longer 
lifetimes and final vesicle budding was inhibited. The fact that 
many proteins that have PIP2-binding domains, including the 
AP2 complex, were still able to bind to PIP2-deficient membranes 
implies that there may be another mechanism to recruit these 
proteins. Sun and Drubin (2012) went on to show that in a PS- 
deficient strain the number of endocytic sites was reduced and 
the polarization of endocytic sites was lost. This suggests a role 
for PS in the recruitment and localization of endocytic sites. 
This is consistent with the proposal that the negative charge of 
PS contributes to the recruitment of positively charged proteins 
to the endocytic pathway (Yeung et al., 2008). Interestingly, 
however, endocytic sites were still present when both PS and 
PIP2 were depleted, indicating that other lipids may have a role 
in the initiation of endocytosis. 

The presence of specific lipids, in particular PIP2, is clearly 
critical for endocytosis. What is not yet understood is whether 
these lipids are able to regulate the initiation of endocytosis. 
Lipids can diffuse relatively freely in the plasma membrane and 
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might therefore be unable to provide spatial or temporal information 
for the control of endocytosis. On the other hand, specific lipid 
compositions in microdomains or over concentration gradients 
may be able to regulate the location or rate of initiation. The 
possibility of a regulatory role for lipids in initiation is an inter- 
esting area for further research. 

The elusive mechanisms of initiatian 

So far, no clear consensus has emerged from the studies addressing 
the mechanisms of endocytic site initiation. Adaptor and accessory 
proteins clearly have an important role in initiation, as they are 
able to recruit clathrin and the other endocytic components to the 
plasma membrane. Although FCHol/2 and AP2 have both been 
proposed to be the essential master initiator of endocytosis, it may 
be that a variety of adaptor proteins are able to initiate endocytosis. 
But what are the actual molecular mechanisms that initiate en- 
docytic events? We summarize here a number of different models 
that have been proposed in the studies discussed. 

One possible model is that endocj'tosis begins with stochastic 
association of adaptors at the membrane. The transient clustering 
of a few membrane-bound adaptors could, if stable for long enough, 
act as a nucleus that would recruit further endocytic components. 
This model suggests that adaptor proteins are constantly sampling 
the plasma membrane and that endocytic sites initiate randomly — 
an idea supported by data showing the random spatial distribution 
of endocytic sites (Ehrlich et al., 2004). Cocucci et al. (2012) 
suggested that the assembly of two AP2 complexes with a clath- 
rin triskelion is enough to nucleate an endocytic site (Fig. 3 A). 
This stochastic assembly model could also easily accommodate 
many different adaptors, which could form a nucleus either 
independently or together with AP2 and scaffold proteins. 

Additionally, the establishment of membrane bending 
could be the rate-limiting step for the formation of the initial 
nucleus (Fig. 3 B; Henne et al., 2010). Many endocytic proteins 
have the potential ability to induce membrane curvature, and 
this ability has been demonstrated for some in vitro (Ford et al., 
2002; Henne et al., 2010). In addition to the F-BAR domains of 
FCHol/2 proteins, other membrane-bending mechanisms include 
insertion of an amphipathic helix, for example that of the ENTH 
domain of epsin (Ford et al., 2002), spontaneous membrane 
curvature induced by lipid composition (Zimmerberg and Kozlov, 
2006), protein crowding (Stachowiak et al., 2012), and recruitment 
of the clathrin scaffold (Dannhauser and Ungewickell, 2012; 
see Kirchhausen, 2012 for detailed review). However, recent 
work on the ultrastmcture of endocytosis has shown that endocytic 
assembly in yeast cells is initiated on a flat plasma membrane 
and that membrane bending occurs much later in the assembly 
pathway (Kukulski et al., 2012). This finding shows that membrane 
bending, although essential for endocytosis, can be uncoupled 
from the initiation of an endocytic site. 

Besides from the stochastic interaction of adaptors or acces- 
sory proteins with the plasma membrane, it may be possible that 
the recruitment of adaptors to the membrane is regulated in 
some way. Receptor signaling of the EGFR was followed by an 
increase in the recruitment of endocytic components to the 
membrane (Johannessen et al., 2006). An increase in phosphor- 
ylation of clathrin was seen alongside this response, leading to 



the suggestion that it was mediated by a kinase signaling pathway 
(Wilde et al., 1999). 

Furthermore, the recruitment of adaptors to the membrane 
may be increased by high local concentrations of cargo receptors 
(Fig. 3 C) or specific lipids (Fig. 3 D). Local clustering of recep- 
tors seems to increase adaptor recruitment (Liu et al., 2010) — a 
mechanism that could be used by viruses to ensure their own 
uptake into the host cell (Fig. 1 C). PIP2 and PS gradients have 
been demonstrated between mother and daughter cells in yeast 
(Garrenton et al., 2010; Faim et al., 2011; Vernay et al., 2012) 
and it is possible that these gradients contribute to the polarization 
of endocytic sites in the growing daughter cell (Fig. 1 A). 

Finally, it is possible that other membrane components are 
able to recruit endocytic adaptor proteins. This suggestion could 
explain the presence of so-called hotspots that have been seen in 
mammalian cells, where multiple endocytic events bud from one 
position (Nunez et al., 201 1). These hotspots could be composed 
of endocytic proteins, which are retained at the plasma membrane 
after vesicle budding, and can subsequently recruit a new round 
of endocytosis. In a similar mechanism, during synaptic vesicle 
recycling, components of exocytic vesicles delivered to the 
plasma membrane after fusion may be able to recruit the endocytic 
machinery (Fig. 1 B). 

Conclusions and future directions 

Clearly, more work is needed in order to gain a full understanding 
of how endocytic events initiate. Some inconsistencies in the 
literature may have arisen from technical limitations, such as 
the variability in the effectiveness of depletion by RNAi and the 
level of overexpression of fluorescently labeled proteins. Another 
challenge in the study of endocytic initiation has been the visu- 
alization of the low levels of protein present at the earliest stages 
of endocytosis. Improvements in imaging and image analysis 
have allowed visualization at single-molecule sensitivity (Cocucci 
et al., 2012). This is an important advancement and needs to be 
applied to further adaptor, accessory, and cargo proteins to give 
an exact picture of the composition of the nascent endocytic 
site. Additionally, improvements in methods for visualizing and 
altering lipid composition may give new insight into the roles of 
lipids. Given the potential variability between different sites at 
the initiation step, it is important to observe individual endocytic 
events rather than rely on bulk measurements. Also, a distinction 
has to be made between roles in initiation and later stages of 
maturation, as end point measurements are hard to interpret in the 
context of initiation. This point has proved critical in the study 
of both the AP2 complex and FCHol/2 proteins, which are both 
essential for productive endocytosis in mammalian cells and 
have both been proposed to have a key role in initiation. Recently, 
advanced microscopy techniques have indicated that after the 
depletion of either AP2 or FCHol/2 short-lived endocytic sites 
are still present with the same rate of initiation, leading to the 
question of which stage of endocytosis these proteins are essential 
at (Cocucci et al., 2012; Aguet et al., 2013). Yeast genetics pro- 
vide a powerful tool for genome manipulation and recent techni- 
cal advances have allowed the introduction of similar approaches 
for mammalian cell lines (Doyon et al., 201 1). This could reduce 
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Figure 3. Possible mechanisms for the initiation of endocytosis. (A) Stochastic interactions of adaptors and lipids at the plasma membrane can form 
a nucleus that recruits further endocytic components. One such assembly that has been proposed is two AP2 complexes along with a clathrin triskelion 
(Cocucci et al., 2012). (B) Membrane bending may be required or aid in the initiation of endocytosis. Protein domains such as the F-BAR domain have 
been suggested to induce membrane bending as a mechanism for initiating endocytic site formation (Henne etal., 2010). (C) Clustering of cargo molecules 
has been shown to be able to induce the assembly of endocytic components de novo (Liu et al., 201 0). (D) Specific lipids forming a lipid gradient or at a 
membrane domain could increase the recruitment of adaptors to the plasma membrane, leading to increased initiation of endocytosis. 



our reliance on the study of exogenously overexpressed fluores- 
cently tagged proteins and provide unambiguous gene deletions. 

There is a certain level of confusion surrounding our current 
understanding of endocytic initiation, but perhaps this reflects 
the true nature of the process. Although the assembly of the 
endocytic machinery and subsequent vesicle budding proceeds 
very regularly, it may be that there is more than one way to initiate 
the process. We would like to propose a working hypothesis that 
a number of different factors, including adaptor proteins, cargo, 
and lipids are able to promote the nucleation of an endocytic 



site. These factors may act synergistically and in different 
combinations and therefore provide many different levels of 
regulation. This could mean that, depending on the circumstances, 
individual endocytic sites could be initiated by different mecha- 
nisms, ensuring flexibility in different physiological conditions 
and over evolution. 
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